Nowadays, hazardous substances such as volatile organic compounds (VOCs) are still being used and released in steel plate priming processes. These releases might have severe negative impacts on the environment. One of the well-established methods for the evaluation of these impacts is the life cycle assessment method. In this study, life cycle assessment (LCA) was used to justify product substitution in a Lithuanian company due to regulatory concerns. In this study, life cycle impacts of this substitution were assessed by using LCA methodology. The results, within the mentioned uncertainties, indicated that the substitution to the water based primer paint was beneficial in all environmental impact categories. The study results also showed the importance of conducting an LCA study, and the shortcomings of local assessments.
Introduction
Environmental concerns caused by the production of products and the supply of services are increasing in our current society, despite exponential growth in technological advances (Magee, 2016) . Although it is highly probable that the future of technology will enable the supply of goods and services with negligible environmental impact, today that is not the case. The amount of waste produced in the EU only is about 2.5 billion tonnes per year, and this value has not changed much since 2004 (Eurostat 2016b) . The disposal rate is also not showing any decline trend (Eurostat 2015) . Similarly, greenhouse gas emissions have not declined dramatically since 2005 (Eurostat 2016a).
There are 4 major criteria that determine the impacts of such human activities on the environment: human needs, state of technologies, policy and policy implementation, and the reaction of the environment towards disturbances. The latter one is generally considered to be risky and hard to control by humans because of the complex feedback loops in the natural ecosystem. This concept is similar to the DPSIR framework used by the European Environment Agency (EEA) (EEA 2007) .
From the statistical point of view, there is a very high probability of rendering the environment less suitable for humans whenever a sudden novel intervention is made, because there are much more environmental states that are not suitable for humans than the ones that are suitable, and humans have been optimised by evolution for the current specific situation. Here, 'suitability' indicates the degree of pleasure gained by living in an environment. As the phenomenon of 'pleasure' has evolved for the well-being of humans and determines the human needs, we can use this as an indicator. One can stress to measure stress hormones (Haybron, 2013) over all the population over time as an indicator for pleasure of living in an environment. Of course the results will depend on the culture, thought patterns and other physical properties of the individuals. Hence, we recognise that human needs depend on the culture (i.e., thought patterns) as well as biological needs. As humans try to make the earth more 'suitable' for themselves (here, 'themselves' represent each individual person) by introducing novel human needs, a negative feedback is highly probable by the environment that decreases the suitability for humans. Hence, as in all such non-linear negative feedback systems, an optimum must be found that maximises the suitability of the environment for humans.
After this general picture, one can ask the question of how to optimise the suitability of the environment. We can decrease human needs by changing the culture, implement effective policies to ensure the implementation of the best available techniques, or improve the technological processes and systems that are used to meet human needs. In this article, we will focus on the latter: improvement of technological processes and systems. Particularly, we will use the life cycle assessment (LCA) tool to guide us in the minimisation of the environmental impacts of products (in this case, painted steel sheet) serving a common function. LCA is a well-established method for the evaluation of environmental impacts in critical categories of environmental concern (e.g., climate change) (EC 2010a). LCA is the only method that accounts for emissions and resource use along the whole life cycle of a product and evaluates the impact in multiple impact categories, hence preventing the 'shifting of burdens' from one life cycle stage to another, and from one impact category to another (EC 2010a). The LCA method is a crucial tool that can support the absolute decoupling (EEA 2016) of resource use and economic growth. Despite this fact, according to the authors' knowledge, there are no other LCA studies conducted for similar priming processes studied below.
Methodology
Life cycle of a product includes all the stages of its production, from extraction of raw materials to disposal of remaining waste (EC 2010a) . It includes all of the relevant processes necessary to make the final product. A process can be described as input-output data for each unit of production, for the purposes of environmental impact assessment. In other words, input-output data for each relevant process is sufficient for defining the complete production system of a given product.
Input-output analysis will be used for the description of the foreground processes and data will be collected accordingly from the company itself, and from the literature when there is missing information for these processes.
In this article, LCA will be used as a quantitative tool for the comparison of products that serve the same function. ISO standards (ISO 2006a; ISO 2006b ) for LCA exist and many guidelines (e.g., European Commission guidelines (EC 2010a)) are present on how to conduct these studies.
As mentioned, the life cycle of a product can be thought of as interconnected processes that exchange flows. This can be described by the Open Leontief Model (Hendrickson et al., 1998) . The model takes into account the external demand by the consumer and determines how much output is needed from each relevant process. This is particularly useful because once the emissions and resource use are known for each process, the environmental impacts can be derived by using various models (Hendrickson et al., 1998) . For this purpose, Recipe 2008 method will be used. ISO 14040 standard defines the basic structure of an LCA study as in Fig. 1 .
According to this framework, LCA studies have 4 stages. We will follow these stages in this article. SimaPro 8.1 software will be used for calculations.
Results

Goal and scope definition
The analysed company is exceeding the VOC emission limits and is using some hazardous substances according to Industrial Emissions Directive (IED) (2010/75/EU) (EU 2010 ) and Paints Directive 2004 /42/EC (EU 2004 . The company has decided to substitute their shop primer paint with another alternative shop primer. The goal of this study is defined as the evaluation of life cycle environmental impacts of 2 'shop primer' paint products produced in Denmark to be used in the Lithuanian company: Shopprimer A and Shopprimer B. The functional unit is selected as coverage of 1 m 2 steel plate during ship building and the use phase (EC 2010a). It will be assumed that both primer paints have the same life expectancy during the use phase.
The waste stage of the primed steel sheet product is unknown and assumptions cannot be made. The primed steel is expected to emit some part of the primer contents into the sea from the ship body due to rusting, but this amount is unknown. Also, there is no information about the recycling of the product. For this reason, the scope of this study excludes the use and waste stages of the product. The construction and maintenance of the capital goods necessary for the foreground processes is assumed to be the same for the initial and the final situation. Packaging information is not available and assumed to be the same as well, although reductions are expected due to the more efficient coverage of the alternative primer. The primer paint preparation process (in Denmark) is also excluded from the foreground processes.
Thus, the only foreground process is the priming process. In the following sections, the transport will be seen as a part of the input of primer paint. The priming process is given in Fig. 2 .
At first, metal sheets are heated to vaporise any moisture present on the steel surface. This is a necessary preliminary step before the metal cleaning and metal At first, metal sheets are heated to vaporise any moisture present on the steel surface. This is a necessary preliminary step before the metal cleaning and metal priming processes. During the process, natural gas is consumed as input. The metal cleaning process uses abrasive shots to clean the steel surface and no chemicals are being used. In the metal priming process, the primer paint is sprayed over the steel sheet surface. The mist of the excess primer paint is vacuumed and treated to assure the emission air quality standards. Nevertheless, VOCs are emitted during the priming. In the metal drying process, excess heat from the metal heating chamber is used to dry the primer paint. VOCs are also released to the atmosphere from the drying of primer. After drying, primed metal sheets are marked and taken to the storage place. The company does not produce any by-products.
The foreground processes are indicated in Fig. 3 and Fig. 4 , for the initial and the final situation, respectively. 
Cutting line
Metal marking priming processes. During the process, natural gas is consumed as input. The metal cleaning process uses abrasive shots to clean the steel surface and no chemicals are being used. In the metal priming process, the primer paint is sprayed over the steel sheet surface. The mist of the excess primer paint is vacuumed and Fig. 2 Priming process in the company
Fig. 3
Scope for the initial situation after inventory analysis.
Zeroth and some of the first tier processes are shown for the initial situation. Not all the relevant background processes are shown, the node cut-off value is taken to be 1.9% for 'particulate matter formation' and tiers above first tier are excluded from this figure (but not from the study). Foreground processes are indicated with dashed lines treated to assure the emission air quality standards. Nevertheless, VOCs are emitted during the priming. In the metal drying process, excess heat from the metal heating chamber is used to dry the primer paint. VOCs are also released to the atmosphere from the drying of primer. After drying, primed metal sheets are marked and taken to the storage place. The company does not produce any by-products.
The foreground processes are indicated in Fig. 3 and Fig. 4 , for the initial and the final situation, respectively.
Inventory analysis
For the initial situation where Shopprimer B is being used, the input-output information for the priming process is given in Fig. 5 . 
For the initial situation where Shopprimer B is being used, the input-output information for the priming process is given in Fig. 5. * The same for the initial and the final situation The company recognises that almost half of the chemicals used are emitted to the atmosphere as VOCs, the Propan-2-ol and Xylene being the major atmospheric emissions.
In contrast to Shopprimer A, Shopprimer B is a water-based product. This enables the use of water for thinning purposes instead of thinners, which are a major cause of VOC emissions. After the substitution of the primer paint to Shopprimer B, the input-output of the priming process is expected to be as in Fig. 6 .
As our goal is to compare the environmental impact of 2 products, relative assessment can be conducted instead of an absolute assessment, meaning that not all the information in Figures 5 and 6 needs to be used in the impact assessment. The inputs-outputs that are not affected by the substitution will be excluded from the LCA inventory. By doing so, the background processes that supply these inputs are also excluded from the scope of the LCA. After this exclusion, the input inventory can be described as in Tables 1 and 2 for the initial and the final situation, respectively.
The old product is capable of covering 18.7 m 2 /L (covered area per volume of primer used). The composition of inputs that are substituted is presented in Table 1 .
The new product chosen as input is capable of covering a bigger (25m 2 /L) area, hence less product is needed to cover the same area. A part of the composition of the product is not mentioned in the SDS or PDS; therefore, information from a similar product was used to fill in this data gap. The composition of the new input (Shopprimer B) is presented in Table 2 .
This information is gathered from the safety data sheets and product data sheets of the products. As companies do not give the exact composition (as percentage of the total product) of their products in most cases, the Monte Carlo method could be used within the uncertainty range of product composition. Nevertheless, be-
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Fig. 5. Input-output data of the priming process with Shopprimer A. Dashed boxes indicate the input/output that is different from the final situation
The company recognises that almost half of the chemicals used are emitted to the atmosphere as VOCs, the Propan-2-ol and Xylene being the major atmospheric emissions.
In contrast to Shopprimer A, Shopprimer B is a water-based product. This enables the use of water for thinning purposes instead of thinners, which are a major cause of VOC emissions. After the substitution of the primer paint to Shopprimer B, the input-output of the priming process is expected to be as in Fig. 6 . Fig. 6 .
* The same for the initial and the final situation
Expected input-output data of the priming process with Shopprimer B. Dashed boxes indicate the input/output that is different from the initial situation.
As our goal is to compare the environmental impact of 2 products, relative assessment can be conducted instead of an absolute assessment, meaning that not all the information in Figures 5 and 6 needs to be used in the impact assessment. The inputs-outputs that are not affected by the substitution will be excluded from the LCA inventory. By doing so, the background processes that supply these inputs are also excluded from the scope of the LCA.
After this exclusion, the input inventory can be described as in Tables 1 and 2 for the initial and the final situation, respectively.
The old product is capable of covering 18.7 m Table 1 and Table 2 . All the chemicals in Tables 1 and 2 , except 6,000 kg of water per year in Table 2 , are transported from Denmark to Lithuania, which is approximately 1,700 km. As the origin of those materials is not known, it will be assumed that they are not recycled materials, and they are produced with world average technology unless there is information about the origin of the materials and services (e.g., tap water and transport is known to be from Europe). The transport process was accounted as an input to the priming process, as no separation of transport impacts is necessary for the purposes of this study. Allocation was set to the default system model, which is based on the economic allocation of the environmental impacts (Pre 2016). It will be assumed that all VOCs present in the primer will be emitted to the atmosphere during the application of the primer or in the drying stage.
Figures 7 and 8 show the input-output and emission data, present in the LCI databases, for foreground processes.
Fig. 7
Input-output data present in LCI databases for the overall foreground processes for the use case of Shopprimer A
Impact assessment
There are various impact assessment methods that are available for LCA studies (EC 2010b). Among those, the ReCiPe 2008 method is a relatively new method that includes 16 midpoint and 3 endpoint impact categories. The method is developed to be consistent among midpoint and endpoint categories, meaning that midpoint categories are used to derive the endpoint impact categories (EC 2010b). The ReCiPe 2008 method will be used for the impact assessment in this paper. The selected version of the ReCiPe 2008 method is version 1.11 with normalisation values for Europe, and midpoint (egalitarian) impact assessment was chosen for implementation due to the relatively lower uncertainty in results compared with endpoint impact assessment (Goedkoop et al., 2013) . The egalitarian option takes into account the long term impacts of disturbances, up to 500 years (Goedkoop et al., 2013) . No cut-off is implemented for the impacts of the processes, and impacts of all processes are taken into account no matter how small they are.
Impact assessment results
The results are calculated to be as in Fig. 9 and Fig. 10 .
Interpretation
The results (Fig. 9 and Fig. 10 ) of the impact assessment step suggest that the alternative product Shopprimer B is environmentally favourable, within the given scope, for all the impact categories. This is partly due 
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The results are calculated to be as in Fig. 9 and Fig. 10. to the fact that the water-based product is more efficient in covering an area per unit volume of the primer used, apart from the product composition. The normalisation step should be interpreted carefully because the normalisation is made by comparison to the environmental impact of an average European citizen in the year 2000 (Goedkoop et al., 2016) , which is not necessarily sustainable.
Discussion
One surprising outcome of the results is that the water-based product contributes less to the depletion of the water resources when the life cycles of the products are taken into consideration (e.g., 1-butanol production, zinc production, xylene production, propylene production, etc.). This indicates the importance of life cycle thinking.
Similar results have been concluded by a study on solvent-based and water-based coating products, for painting of buildings, conducted by the Duke University (Nitschke, 2014) . Besides, LCA of water-based paints for road markings in Krakow (Poland) concluded the environmental benefits of substitution to water-based products and reductions in VOC emissions as a consequence (Burghardt, 2016).
The results should be interpreted carefully, keeping in mind that these results might be different for other primer types (e.g., with different efficiency of covering an Comparative impact assessment results after the normalisation step (Note: Weighting step is not available for the midpoint categories) area). For example, if the primers had the same efficiency of covering an area, then human toxicity, freshwater eutrophication and all categories of ecotoxicity would give higher impact results for the water-based primer.
One should also be very careful in making inferences based on a comparative LCA study. The results are comparative and based on exclusions of similar aspects and, hence, not for deducing absolute values.
The missing background processes due to the lack of data in LCI databases might necessitate the expansion of the scope of the LCI to include the missing processes into the foreground system. Another missing information, product composition (as a percentage of the total product), is caused by a totally different reason: to preserve company secrets. In the worst case, this problem can be eliminated by introducing harmonised encryption to the data from companies, which can only be decoded by the LCA software.
The waste treatment stage is also important to include. Nevertheless, for this study, it is not expected to change the conclusion because the alternative includes less amount of each of known substances that are currently being used. The importance of the waste treatment stage might be crucial if the efficiencies of the primer products for covering a given area were different than they are in this study.
Improvements
Without Monte Carlo analysis, the results cannot be interpreted statistically. The Monte Carlo analysis is necessary to improve the validity of this assessment. Also, more data should be gathered about the omitted life cycle stages of the products and on the missing information in LCI databases. Assessment can be improved further by expanding the scope of the LCI by incorporating the missing processes in the LCI database to the scope of the LCI of the study itself. Besides, further comple- mentary assessments (e.g., risk assessments, social assessments, etc.) should be implemented to reach a final conclusion. Such difficulties are discussed in another paper by the authors (Oguzcan 2016).
Conclusion
Life cycle assessment of 2 shop primer products showed, in this specific case, that the water-based shop primer was environmentally preferable for all the environmental impact categories, within the mentioned uncertainties. All the impact categories showed more than 34% decrease in environmental impact, which is a very good justification for the substitution in the company from an environmental perspective.
The results indicated the importance of conducting LCA for decision making and pointed out to the shortcomings of human intuition and local assessments (i.e., assessments that exclude the life cycle stages).
The study itself is not a standalone for decision-making, and further assessments should be done, such as risk assessment for the environment and for workers, social assessment, etc.
The study also underlined that 'company secret' information is problematic for LCA. It is stressed that, if keeping the 'company secret' is inevitable, the use of an appropriate encryption system will solve this problem.
